INTRODUCTION {#s1}
============

Cellular metabolic reprogramming is one of the critical challenges during cell growth and proliferation. Proliferating cells require specific metabolic activities to convert nutrients into energy and biosynthetic building blocks that are essential to replicate all of the macromolecular components needed for the construction of new cells. In both normal and tumor cells, those undergoing proliferation rewire their central metabolic pathways, especially aerobic glycolysis (also termed the Warburg effect) and mitochondrial cataplerosis-and-anaplerosis, to shunt metabolites into biosynthetic pathways for biomass accumulation, including lipids, heme and amino acids ([@BIO038257C4]; [@BIO038257C31]; [@BIO038257C67]). Mitochondrial cataplerotic activity relies greatly on glutamine-dependent anaplerosis through incorporating glutamine-derived αKG to replenish the pools of the tricarboxylic acid (TCA) cycle and maintain mitochondrial functions ([@BIO038257C18]; [@BIO038257C65]). Although glutamine-dependent anaplerosis is essential to sustain mitochondrial functions and support cell growth; little is known about the potential contribution of glutamine-dependent anaplerosis in coordinating nutrient-sensing pathway and cell growth.

Mechanistic target of rapamycin (mTOR) acts as a key signaling hub that couples growth-related pathways with growth factor signaling and nutrients availability ([@BIO038257C27]). Currently, mTOR is known to form two main structurally and functionally distinct kinase complexes: mTORC1, which controls biomass accumulation by regulating translation and autophagy ([@BIO038257C3]; [@BIO038257C15]), and mTORC2, which controls cytoskeleton organization by regulating the actin cytoskeleton ([@BIO038257C29]; [@BIO038257C39]; [@BIO038257C50]; [@BIO038257C73]). mTORC1 is mainly regulated by growth factors and nutrient availability. Growth factors mainly activate mTORC1 through the well-characterized PI3K-AKT-TSC1/2-Rheb signaling pathway ([@BIO038257C52]). On the other hand, several mechanisms have been proposed for the regulation of mTORC1 by nutrient availability ([@BIO038257C3]; [@BIO038257C15]; [@BIO038257C24]; [@BIO038257C101]). For example, upon amino acid refeeding in starved cells, mTORC1 is activated by Rag GTPases and Ragulator ([@BIO038257C72]). In addition to nutrient availability, metabolic activity is equally important for biomass accumulation and cell growth. Growing evidence reveals that metabolic pathways play important roles in regulating mTORC1 activation. For example, the metabolism of glutamine and glucose regulate mTORC1 activity by controlling its complex assembly through the TTT-RUVBL1/2 complex ([@BIO038257C48]). These findings suggest the importance of nutrient availability and metabolism in regulating mTORC1 activity to ensure proper coordination to meet the demand of energy and building blocks for cell growth. mTORC2 is also regulated by growth factors and nutrients ([@BIO038257C27]) while the associated mechanism is poorly identified.

In mammalian cells, proliferation is strictly restricted by various stresses such as DNA damage to ensure systematic homeostasis ([@BIO038257C16]). Cells facing continuing growth-limiting conditions may undergo cell cycle arrest, cellular senescence or apoptosis ([@BIO038257C14]). Cellular senescence, the ultimate and irreversible loss of replicative capacity in normal cells, may serve as a tumor suppressor and a contributor to aging and certain age-related diseases ([@BIO038257C9]). In the 1960s, Hayflick and Moorhead observed that normal human fibroblasts lost their ability to proliferate in cell culture and referred to this phenomenon as replicative senescence ([@BIO038257C32]; [@BIO038257C33]). Unlike reversible quiescence, cellular senescence is characterized by specific phenotypes that includes irreversible growth arrest, flat cell morphology, senescence*-*associated β*-*galactosidase activity (SA-β-gal)*,* formation of senescence-associated heterochromatic foci (SAHF) and upregulation of the p53/p21^CIP1^ and/or p16^INK4A^ pathways ([@BIO038257C19]; [@BIO038257C62]). For cellular senescence and organismal aging, mitochondrial dysfunction has been implicated as the critical factor ([@BIO038257C6]; [@BIO038257C12]; [@BIO038257C77]; [@BIO038257C79]; [@BIO038257C91]). Of note, it has been reported that growth factor signals are required to trigger the cellular senescence response ([@BIO038257C84]). Upon growth factor, the reprogrammed mitochondrial metabolism is not only required to produce energy but also to provide biosynthetic precursors for cell growth ([@BIO038257C18]; [@BIO038257C58]). Emerging evidence implicates that the impaired metabolic pathway, which leads to the imbalance of mitochondrial metabolites, may play roles in triggering senescence ([@BIO038257C8]; [@BIO038257C30]; [@BIO038257C36]; [@BIO038257C41]; [@BIO038257C46]; [@BIO038257C51]; [@BIO038257C54]; [@BIO038257C88]). In proliferating cells, glutamine-dependent anaplerosis is a critical pathway of the mitochondrial metabolism and is essential for cell growth and cell cycle progression, yet little is known regarding the role of a sustained impairment of glutamine-dependent anaplerosis in the induction of cellular senescence.

Here, we used amino-oxyacetate (AOA), a pan-aminotransferase inhibitor frequently used to suppress glutamine-dependent anaplerosis ([@BIO038257C44]; [@BIO038257C95]; [@BIO038257C94]), alone or in combination with anaplerotic factors αKG, pyruvate or oxaloacetate ([@BIO038257C18]; [@BIO038257C65]), to evaluate the role of glutamine-dependent anaplerosis in mTORC signaling and cell fate determination (cell proliferation and cellular senescence). On the basis of the importance of glutamine-dependent anaplerosis in the macromolecular biosynthesis required for cell growth and mTORC1\'s central role in coordinating the anabolic processes and nutrient availability, we were intrigued to understand whether glutamine-dependent anaplerosis plays a critical link of glutamine availability and metabolism to mTORC1 activity and cell fate determination.

RESULTS {#s2}
=======

Inhibition of glutamine-dependent anaplerosis with AOA leading to cell cycle arrest, mTORC1 inactivation and mTORC2 activation is not mediated by ATP depletion in WI38 normal human embryonic fibroblast cell line {#s2a}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To investigate the role of glutamine-dependent anaplerosis on cell growth and proliferation, WI38 cells were chronically exposed to AOA to suppress glutamine-dependent anaplerosis by inhibiting the conversion of glutamate to αKG ([@BIO038257C35]; [@BIO038257C44]; [@BIO038257C95]; [@BIO038257C94]). Treatment of WI38 cells with AOA dose-dependently suppressed the proliferation of these cells with near complete suppression at 2.5 to 5 mM observed after 2 days and throughout the 6-day culture period ([Fig. 1](#BIO038257F1){ref-type="fig"}A, left panel). Accordingly, 3 mM AOA was used for the following experiments. To further examine whether the AOA effect involves perturbation of glutamine-dependent anaplerosis, cells were supplemented with αKG. αKG is the cellular intermediate of glutamine supply to the TCA cycle, and αKG could enter cells through secondary active transporters of the SLC13 family−Na^+^-dependent high affinity dicarboxylate transporters (NaDCs) ([@BIO038257C47]; [@BIO038257C56]; [@BIO038257C66]). Importantly, simultaneous supplementation with 5 mM αKG remarkably prevented the AOA-induced inhibition of WI38 cell proliferation ([Fig. 1](#BIO038257F1){ref-type="fig"}A, middle panel), which confirms the specificity of the anaplerosis-blocking activity of AOA. In addition, cell cycle analysis reveals that treatment of WI38 cells with 3 mM AOA for 2 days resulted in an increase of cells accumulated in the G~0~/G~1~ phase compared with the vehicle control, and this was mitigated by concomitant supplementation with αKG ([Fig. 1](#BIO038257F1){ref-type="fig"}A, right panel). Together, these results show that glutamine-dependent anaplerosis is indispensable for G~1~ cell cycle progression and therefore proliferation in WI38 cells. Fig. 1.**Inhibition of glutamine-dependent anaplerosis with AOA induces inhibition of cell proliferation and cell cycle arrest in WI38 cells.** WI38 cells were treated with vehicle or AOA in the absence or presence of 5 mM αKG for the indicated time-period with medium changed at 2-day intervals. (A) Effect of AOA on cell proliferation and cell cycle progression. Left panel: the relative cell numbers were calculated by normalizing against the value of day 0. Right panel: cell cycle analysis was conducted after a 2-day treatment period using flow cytometry with Propidium Iodide staining of DNA. The percentages of cells in various phases of the cell cycle are presented. (B) Effect of AOA on mTORC signaling. Cell lysates were prepared after a 1-day treatment period and analyzed for the activation status of mTORC1 and mTORC2 by immunoblotting and densitometry analysis of P-S6K1-T389/S6K1 and P-4E-BP1-S65/β-actin, and P-AKT-S473/AKT with β-actin served as a loading control. (C) Effect of mTOR inhibitors on AOA-regulated mTORC1/2 activities. Cells were first treated with 3 mM AOA and then given vehicle (DMSO), 1 nM rapamycin or 30 nM Torin1 1 h before the end of the 24-h culture period. Cell lysates were analyzed by immunoblotting as described in B. (D) Effects of AOA on energy status. Intracellular ATP content and ADP/ATP ratio were determined by ApoGlow Assay Kit. All quantitative data are expressed as the mean±s.e.m. (*n*=3) of three independent experiments. Different lowercase letters indicate significant difference among treatment groups at the same time-point (*P*\<0.05). Asterisk (\*) designates a significant difference compared with the respective vehicle control (*P*\<0.05).

Given that coordinating regulation of both mTORC1 and mTORC2 is critical for cell growth ([@BIO038257C52]; [@BIO038257C64]), we investigated whether there was a correlation between mTORC activity and glutamine-dependent anaplerosis. Treatment of WI38 cells with AOA significantly reduced the mTORC1 activity as indicated by the decreased phosphorylation of S6K1 at Thr389 (P-S6K1-T389/S6K1) and 4E-BP1 at Ser65 (P-4E-BP1-S65) ([Fig. 1](#BIO038257F1){ref-type="fig"}B). S6K1 and 4E-BP1 are downstream targets of mTORC1 that are frequently used as indicators of mTORC1 activity ([@BIO038257C74]). At the same time, mTORC2 was activated following AOA treatment as indicated by the increased phosphorylation of AKT at Ser473 (P-AKT-S473/AKT) ([Fig. 1](#BIO038257F1){ref-type="fig"}B), a widely used indicator of mTORC2 activity ([@BIO038257C40]; [@BIO038257C75]; [@BIO038257C78]). Moreover, concomitant supplementation with αKG significantly attenuated AOA-induced mTORC1 inactivation and mTORC2 activation compared with the treatment with AOA alone ([Fig. 1](#BIO038257F1){ref-type="fig"}B). To further consolidate whether AOA disturbance of glutamine-dependent anaplerosis is closely associated with mTORC1 inactivation and mTORC2 activation, two types of mTOR inhibitors (rapamycin and Torin1) were used. Rapamycin is an allosteric mTOR inhibitor with greater sensitivity (lower doses and shorter treatment time-period) toward mTORC1 than mTORC2 ([@BIO038257C55]; [@BIO038257C76]). Torin1, on the other hand, is an adenosine tri-phosphate (ATP)-competitive mTOR inhibitor which similarly blocks mTORC1 and mTORC2 activity ([@BIO038257C86]). WI38 fibroblasts were treated with vehicle control, AOA and/or αKG (AOA±αKG) for 24 h, and rapamycin or Torin1 was given 1 h before the end of culture. We have confirmed the specificity and dose-dependent effect of rapamycin and Torin1 on mTORC1 activity (P-S6K1-T389/S6K1) and mTORC2 activity (P-AKT-S473/AKT) in WI38 fibroblasts ([Fig. S2](Fig. S2)). Rapamycin significantly reduced mTORC1 activity in the control and AOA+αKG-treated cells, increased mTORC2 activity in the control, and decreased the AOA-induced increase of mTORC2 activity ([Fig. 1](#BIO038257F1){ref-type="fig"}C). Interestingly, we noticed that cells given rapamycin appear to have similar mTORC1 and mTORC2 activity regardless of the treatment (control, AOA or AOA+αKG). On the other hand, Torin1 markedly suppressed both the mTORC1 and mTORC2 activity in control and AOA±αKG-treated WI38 cells ([Fig. 1](#BIO038257F1){ref-type="fig"}C). Together, the above results support the concept that AOA disruption of glutamine-dependent anaplerosis is closely associated with mTORC1 inactivation and mTORC2 activation in WI38 normal human embryonic fibroblasts.

Glutamine-dependent anaplerosis plays a critical role in fueling mitochondrial respiration, which contributes to ATP production ([@BIO038257C23]), and mTORC1 activity is sensitive to energy status ([@BIO038257C28]; [@BIO038257C38]; [@BIO038257C48]). We therefore examined the effect of AOA on energy status of the cells. WI38 cells were exposed to 3 mM AOA for the indicated time-periods, and the cellular ATP contents were determined using a luciferase assay ([@BIO038257C26]). Although AOA treatment reduced the mTORC1 activity within 24 h ([Fig. 1](#BIO038257F1){ref-type="fig"}B), there were no significant changes in either the total cellular ATP content or the adenosine diphosphate (ADP)/ATP ratio within 2 days of AOA treatment ([Fig. 1](#BIO038257F1){ref-type="fig"}D). However, prolonged treatment with AOA for 4 to 6 days significantly decreased the cellular ATP level and increased the ADP/ATP ratio, which indicates that sustained inhibition of glutamine-dependent anaplerosis with AOA may lead to impaired mitochondrial function, including ATP production. Together, these results implicate that the short period (24 h) of AOA exposure-induced mTORC1 inactivation was independent of the change of cellular energy status.

To further assure the role of glutamine-dependent anaplerosis in regulating mTOR signaling, we examined the effect of two other anaplerotic factors, pyruvate and oxaloacetate ([@BIO038257C18]; [@BIO038257C65]), on AOA modulation of cell proliferation and mTORC activity. Pyruvate and oxaloacetate could enter cells respectively through monocarboxylate transporters (MCTs) and NaDCs ([@BIO038257C47]; [@BIO038257C56]). As shown in [Fig. 2](#BIO038257F2){ref-type="fig"}A, simultaneous supplementation with either pyruvate or oxaloacetate blocked the AOA-induced repression of cell proliferation. In addition, administration of pyruvate or oxaloacetate, like αKG, markedly overturned the AOA-induced mTORC1 inactivation and mTORC2 activation in WI38 cells as indicated by an increase in P-S6K1-T389/S6K1 and a decrease in P-AKT-S473/AKT, respectively ([Fig. 2](#BIO038257F2){ref-type="fig"}B). These results together support that the anaplerotic entry of a carbon source into the TCA cycle is necessary for mTORC1 activation and mTORC2 attenuation in WI38 cells. Fig. 2.**Anaplerotic factors pyruvate or oxaloacetate, similar to αKG, prevent AOA-induced effects on cell proliferation, mTORC1 and mTORC2 activity in WI38 cells.** WI38 cells were treated with vehicle or AOA in the absence or presence of 3 mM pyruvate, oxaloacetate or 5 mM αKG for the indicated time-period with medium changed at 2-day intervals. (A) Effect of anaplerotic factors on AOA-induced inhibition of cell proliferation. Cell numbers were assessed and calculated as described in [Fig. 1](#BIO038257F1){ref-type="fig"}A. (B) Effect of anaplerotic factors on AOA modulation of mTORC signaling (*n*=3). After 24-h treatment, cell lysates were prepared and analyzed for the activation status of mTORC1 and mTORC2 respectively indicated by P-S6K1-T389/S6K1 and P-AKT-S473/AKT as described in [Fig. 1](#BIO038257F1){ref-type="fig"}B. All quantitative data are expressed as the mean±s.e.m. (*n*=3) of three independent experiments. Different lowercase letters indicate significant difference among treatment groups at the same time-point (*P*\<0.05). \* and \# designate a significant difference compared with the respective vehicle control and AOA group, respectively (*P*\<0.05).

Sustained inhibition of glutamine-dependent anaplerosis with AOA triggers cellular senescence in WI38 cells that may critically involve p16^INK4A^ {#s2b}
--------------------------------------------------------------------------------------------------------------------------------------------------

Perturbation in the homeostasis of mitochondrial metabolites has been suggested to be a critical factor contributing to cellular senescence ([@BIO038257C8]; [@BIO038257C30]; [@BIO038257C36]; [@BIO038257C41]; [@BIO038257C46]; [@BIO038257C54]; [@BIO038257C71]; [@BIO038257C88]). The above results ([Figs 1](#BIO038257F1){ref-type="fig"} and [2](#BIO038257F2){ref-type="fig"}) show that sustained inhibition of glutamine-dependent anaplerosis led to cell cycle arrest and energy depletion. We therefore were intrigued to understand whether prolonged exposure to AOA triggered cellular senescence and the associated molecular mechanism. To identify senescent cells, the WI38 cells were stained with senescence-associated markers, including SA-β-gal activity, SAHF and H3K9Me3 ([@BIO038257C62]; [@BIO038257C100]). Both the proportion of SA-β-gal- and SAHF-positive cells were evidently increased after 4 to 6 days of AOA treatment, and this was completely suppressed by simultaneously providing 5 mM of αKG ([Fig. 3](#BIO038257F3){ref-type="fig"}A, left panel). A similar result was observed for the senescence-associated molecular marker trimethylated histone 3-K9 (H3K9Me3) ([Fig. S3](Fig. S3)). Furthermore, supplementation with two other anaplerotic factors, pyruvate or oxaloacetate, also suppressed the AOA-induced increases in the proportion of SA-β-gal- and SAHF-positive cells ([Fig. 3](#BIO038257F3){ref-type="fig"}A, right panel). Fig. 3.**Prolonged blockade of glutamine-dependent anaplerosis with AOA triggered cellular senescence in WI38 cells.** WI38 cells were treated with vehicle or AOA in the absence or presence of anaplerotic factors αKG, pyruvate or oxaloacetate for the indicated time-period as described in [Fig. 1](#BIO038257F1){ref-type="fig"}A. (A) Effect of AOA on cellular senescence. The senescent cells were assessed using the SA-β-gal and SAHF staining assays. Upper panel: SA-β-gal positive cells were counted in at least 10 microscopic fields in each of the triplicate cultures of all treatment groups. The percentage of SA-β-gal positive cells was calculated relative to the total cell number in the counted fields. Lower panel: A total of 200 cells from each of the indicated treatment samples were examined for SAHF formation. The percentage of SAHF-positive cells was calculated relative to the total cell number in the counted fields. (B) Effect of AOA on senescence-inducing regulators. After treatment for 6 days, cell lysates were prepared and analyzed by immunoblotting and densitometry analysis for p53, p21^CIP1^, Rb, P-Rb-S807/811 and p16^INK4A^, β-actin served as a loading control. The arrowheads show the indicated antibody recognized specific signals. All quantitative data are expressed as the mean±s.e.m. (*n*=3) of three independent experiments. Different uppercase letters indicate significant difference of the same treatment group at different time-points (*P*\<0.05). Asterisk (\*) designates a significant difference compared with the respective vehicle control at the same time-point (*P*\<0.05). Different lowercase letters indicate significant difference among treatment groups (*P*\<0.05).

The p53-p21^CIP1^ and p16^INK4A^ pathways have been reported to be canonical signaling pathways that are involved in cell cycle arrest and senescence ([@BIO038257C7]). We were interested to explore whether these two are the potential regulatory pathways involved in the AOA-induced cellular senescence. We found that WI38 cells exposed to AOA for 6 days had increased protein levels of p53, p21^CIP1^ and p16^INK4A^, and decreased the level of Rb and P-Rb-S807/811; furthermore, these changes were mitigated by concomitant supplementation with αKG ([Fig. 3](#BIO038257F3){ref-type="fig"}B).

To further investigate the specific role of p16^INK4A^ in the induction of cellular senescence, we first examined the effect of AOA on cell growth and cellular senescence in the p16^INK4A^-deficient U2OS human osteosarcoma cell line. Similar to the observations in WI38 cells, treatment of U2OS cells with AOA also led to inhibition of proliferation, as well as mTORC1 inactivation and mTORC2 activation during the 6-day culture period ([Fig. 4](#BIO038257F4){ref-type="fig"}A,B). Interestingly, while prolonged (6 days) AOA treatment of U2OS cells increased the protein levels of p53 and p21^CIP1^ ([Fig. 4](#BIO038257F4){ref-type="fig"}C) like those observed in normal human fibroblast WI38 cells, no significant changes were observed in the SA-β-Gal activity and appearance of SAHF (data not shown). In U2OS cells, we also observed a distinct finding that the prolonged (6 days) AOA exposure-induced inhibition of proliferation was promptly reverted after removal of the AOA from the medium ([Fig. 4](#BIO038257F4){ref-type="fig"}D). The different effects of AOA on the induction of cellular senescence in WI38 and p16^INK4A^-deficient U2OS cells imply that the p16^INK4A^ pathway plays a critical role in triggering cellular senescence under conditions where the inhibition of glutamine-dependent anaplerosis is sustained. Next, to understand the role of p16^INK4A^ in AOA-induced cell growth arrest and senescence in normal proliferation-active cells, a siRNA knockdown strategy was used in WI38 cells. Consistent with the finding in p16^INK4A^-deficient U2OS cells ([Fig. 4](#BIO038257F4){ref-type="fig"}A,D), treatment with AOA also suppressed proliferation in p16^INK4A^-knockdown WI38 cells, and the growth-arrested cells resumed proliferation activity after the removal of AOA ([Fig. 5](#BIO038257F5){ref-type="fig"}A). In contrast to the finding in p16^INK4A^-deficient U2OS cells, sustained AOA treatment (4 to 6 days) still increased senescence-associated SA-β-Gal activity in p16^INK4A^-knockdown WI38 cells, similar to the control siRNA group ([Fig. 5](#BIO038257F5){ref-type="fig"}B). AOA treatment also decreased the level of P-Rb-S807/811 in p16^INK4A^-knockdown WI38 cells as in the control cells ([Fig. 5](#BIO038257F5){ref-type="fig"}C). Interestingly, we noticed in p16^INK4A^-knockdown WI38 cells that AOA treatment clearly induced an increase of an estimated 12-kDa p16^INKA^-specific antibody-reactive protein band, while AOA increased p16^INK4A^ protein level in control-siRNA-treated group just like the non-transfected WI38 cells ([Fig. 5](#BIO038257F5){ref-type="fig"}C). It is speculated that knockdown of p16^INK4A^ in WI38 cells may be compensated by an increase of the alternative spliced variant form of p16^INK4A^ protein (p12) under AOA disruption of metabolic regulation, and thus still induced senescence process. This awaits further investigation. Fig. 4.**AOA treatment leads to inhibition of proliferation, mTORC1 inhibition−mTORC2 activation, but not cellular senescence in p16^INK4A^-deficent U2OS cells.** U2OS cells were treated with vehicle or 3 mM AOA in the absence or presence of 5 mM αKG for the indicated time-periods with medium changed at 2-day intervals. (A) Effect of AOA on cell proliferation. Cell numbers were assessed and calculated as described in [Fig. 1](#BIO038257F1){ref-type="fig"}A. (B) Effect of AOA on mTORC signaling. After 12 h of treatment, cell lysates were prepared and analyzed for the activation status of mTORC1 and mTORC2, respectively, indicated by P-S6K1-T389/S6K1, P-4E-BP1-S65/β-actin and P-AKT-S473/AKT as described in [Fig. 1](#BIO038257F1){ref-type="fig"}B. (C) Effect of AOA on senescence-inducing regulators. After treatment for 6 days, cell lysates were prepared and analyzed by immunoblotting and densitometry analysis for Rb, p53, p21^CIP1^ and p16^INK4A^, β-actin served as a loading control. (D) Effect of AOA removal on cell proliferation. U2OS cells were treated with 3 mM AOA for 6 days, followed by culture in fresh medium with or without AOA for an additional 4 days. Cell numbers were assessed using Crystal Violet assay, and the relative cell numbers were calculated by normalizing against the value of day 0 of post-6 day AOA treatment. All quantitative data are expressed as the mean±s.e.m. (*n*=3) of three independent experiments, and different lowercase letters indicate significant difference among treatment groups at the same time-point (*P*\<0.05). Different uppercase letters indicate significant difference of the same treatment group at different time-points (*P*\<0.05). Asterisk (\*) designates a significant difference compared with the respective vehicle control (*P*\<0.05). Fig. 5.**AOA treatment leads to inhibition of proliferation, increase of p16 antibody-reactive p12 and cellular senescence in p16^INK4A^-knockdown WI38 cells.** Cells were first transfected with p16^INK4A^ siRNA or control siRNA for 24 h, and then treated with vehicle or 3 mM AOA in fresh medium for the indicated time-periods with medium changed at 2-day intervals. (A) Effect of 6-day AOA treatment and 3-day AOA removal on cell proliferation. The relative cell numbers were calculated by normalizing against the value of day 0. After 6 days of AOA treatment, cells were refreshed with AOA-free growth medium and incubated for an additional 3 days. (B) Effect of AOA on cellular senescence. The senescent cells were assessed using the SA-β-gal staining assay. SA-β-gal positive cells were counted in at least five microscopic fields each of the triplicate cultures of all treatment groups. The percentage of SA-β-gal positive cells was calculated relative to the total cell number (DAPI-stained positive cells) in the counted fields. (C) Effect of AOA on the senescence-inducing regulator p16^INK4A^−Rb pathway. At the end of 6-day AOA treatment, cell lysates were prepared for immunoblotting and densitometry analysis of p16^INK4A^, Rb and P-Rb-S807/811 with β-actin served as a loading control. All quantitative data are expressed as the mean±s.e.m. (*n*=5) of two independent experiments. The arrowheads show the indicated antibody recognized specific signals. Different lowercase letters indicate significant difference among treatment groups at the same time-point (*P*\<0.05). Different uppercase letters indicate significant difference of the same treatment group at different time-points (*P*\<0.05).

AOA-induced cellular senescence in WI38 cells was independent of ROS signals {#s2c}
----------------------------------------------------------------------------

Mitochondrion-derived reactive oxygen species (ROS) have been reported to inhibit cell proliferation and induce cellular senescence in many cell types including human fibroblasts ([@BIO038257C11]; [@BIO038257C90]). Because glutamine-dependent anaplerosis is critical to balancing the concentration of TCA cycle intermediates and maintaining mitochondrial homeostasis, thus sustained inhibition of glutamine-dependent anaplerosis has the potential to trigger ROS production. We first examined whether AOA exposure affects ROS level in WI38 cells using DCF detection assay, and found that there were no obvious changes in ROS level following AOA treatment for 2 to 4 days, while cells exposed to hydrogen peroxide (H~2~O~2~) serving as a control had increased ROS level ([Fig. 6](#BIO038257F6){ref-type="fig"}A). We next used ROS scavenger N-acetyl-L-cysteine (NAC) to further examine whether ROS are involved in AOA-induced growth arrest and cellular senescence. WI38 cells were pre-treated with 500 μM NAC for 1 h before exposure to 400 μM H~2~O~2~ (as a control) or 3 mM AOA, and the cells were stained for SA-β-gal activity 2, 4 and 6 days later. Similar to the AOA effect, treatment with H~2~O~2~ also increased the proportion of SA-β-gal-positive cells 4 and 6 days later; moreover, pretreatment with NAC did block the H~2~O~2~-induced effect ([Fig. 6](#BIO038257F6){ref-type="fig"}B; H~2~O~2~ versus H~2~O~2~+NAC), whereas pretreatment with NAC did not affect the AOA-induced increased proportion of cell growth arrest and SA-β-gal-positive cells ([Fig. 6](#BIO038257F6){ref-type="fig"}B,C; AOA versus AOA+NAC) in WI38 cells. Fig. 6.**AOA-induced cell growth arrest and senescence of WI38 cells was not mediated by ROS signaling.** (A) Effect of AOA on cellular ROS level. WI38 cells were treated with 3 mM AOA for 2 and 4 days (*n*=9). As a positive control, cells were exposed to 0.4 mM H~2~O~2~ for 2 h on the first 2 days. At the indicated time-period, cellular content of ROS was determined using DCFH-DA staining as detailed in the Materials and Methods. (B) Effect of ROS scavenger NAC on cell proliferation. Cells were pre-treated with vehicle or NAC for 1 h and then treated with or without 3 mM AOA for the indicated time-periods with medium changed at 2-day intervals. Cell numbers were assessed and calculated as described in [Fig. 1](#BIO038257F1){ref-type="fig"}A. (C) Effect of NAC on AOA-induced SA-β-gal activity. Cells were pre-treated with vehicle or 0.5 mM NAC for 1 h prior to treatment with AOA or H~2~O~2~ for the indicated time-period. As a positive control, WI38 cells were exposed to 0.4 mM H~2~O~2~ for 2 h on the first 2 days in the absence or presence of NAC. Senescent-like cells were evaluated by measuring SA β-gal activity as described in [Fig. 3](#BIO038257F3){ref-type="fig"}A. (D) Effect of chronic AOA treatment on cell morphology of WI38 cells. The cells were grown in the absence (control) or presence (+AOA, 6 day) of 3 mM AOA for 6 days, or in the presence of AOA for 6 days followed by removal of the AOA for an additional day (Removal of AOA). The H~2~O~2~-induced senescent WI38 cells (+H~2~O~2~, 6 day) serving as a reference became enlarged and flattened, which is a documented typical senescent morphology. All quantitative data are expressed as the mean±s.e.m. (*n*=3) of three independent experiments. Different lowercase letters indicate significant difference among treatment groups at the same time-point (*P*\<0.05). Different uppercase letters indicate significant difference of the same treatment group at different time-points (*P*\<0.05). Asterisk (\*) designates a significant difference compared with the respective vehicle control at the same time-point (*P*\<0.05).

An enlarged and flattened morphology is a typical documented characteristic of senescent fibroblasts ([@BIO038257C82]). Interestingly, we observed AOA-induced senescent cells exhibited a different elongated and non-spreading morphology ([Fig. 6](#BIO038257F6){ref-type="fig"}D; AOA 6 days). To investigate whether this AOA-induced morphological change was associated with senescence response, AOA-induced senescent WI38 cells were obtained after 6 days of treatment, and then senescent cells were incubated in AOA-free medium for an additional day. Notably, 1 day after removal of AOA, the AOA-induced senescent WI38 cells became morphologically flattened and enlarged (spreading) with cell shapes similar to those of the H~2~O~2~-induced senescent WI38 cells ([Fig. 6](#BIO038257F6){ref-type="fig"}D; removal of AOA versus H~2~O~2~ 6 days). This observation implied that the AOA-induced morphological changes were independent of the maintenance of cellular senescence.

DISCUSSION {#s3}
==========

Glutamine-dependent anaplerosis plays a critical role in proliferating cells to support the proper operation of the mitochondrial TCA cycle to provide biosynthetic precursors and energy ([@BIO038257C18]; [@BIO038257C58]; [@BIO038257C99]). This study was initiated to explore how glutamine-dependent anaplerosis contributes to cell fate determination (cell proliferation and senescence) by employing AOA, an inhibitor of glutamate-dependent aminotransferase, to block glutamate conversion to αKG ([@BIO038257C44]; [@BIO038257C95]; [@BIO038257C94]), and supplement with anaplerotic factor (αKG, pyruvate or oxaloacetate) to confirm the specificity of AOA on blocking glutamine-dependent anaplerosis. We unveil that in WI38 normal human embryonic fibroblasts, glutamine-dependent anaplerosis is essential to cell growth and closely associated with mTORC1 activation and mTORC2 inactivation, and impedes cellular senescence particularly associated with p16^INK4A^.

What is the relation between glutamine-dependent anaplerosis and mTORC1/2 activity and cell growth? {#s3a}
---------------------------------------------------------------------------------------------------

In normal human embryonic fibroblasts (WI38 cells), inhibition of glutamine-dependent anaplerosis with AOA first led to mTORC1 inactivation and mTORC2 activation within 12 to 24 h, and cell growth arrest from day 2 to 6; notably, supplement with anaplerotic factors (αKG, pyruvate or oxaloacetate) blocked these AOA-induced effects ([Figs 1](#BIO038257F1){ref-type="fig"} and [2](#BIO038257F2){ref-type="fig"}). This implicates that continuous support of anaplerotic entry of carbon backbone into the TCA cycle is required to modulate proper activity of mTORC1 and mTORC2, and commit cell growth and cell cycle progression.

Previous studies mostly using starvation-refeeding protocols have indicated that mTORC1 is the most important regulator of cell growth and proliferation by coordinating the biosynthetic activity with nutrient availability including amino acids ([@BIO038257C13]; [@BIO038257C97]; [@BIO038257C98]). Considering the situation when mammalian cells are not in a nutrient-deficient environment, the crucial issue regarding mTORC1 regulation of cell growth may likely be the control of metabolic pathways rather than nutrient availability itself. This concept is supported by our current study, as anaplerotic factors (αKG, pyruvate or oxaloacetate) could repress the AOA-induced mTORC1 inactivation ([Figs 1](#BIO038257F1){ref-type="fig"}B and [2](#BIO038257F2){ref-type="fig"}B), and the effect of αKG was inhibited by mTORC1 inhibitor rapamycin ([Fig. 1](#BIO038257F1){ref-type="fig"}C). In addition, a recent study reported that anaplerotic entry of αKG is required for mTORC1 activity by serving as a fuel for the TCA cycle-mediated production of ATP to stabilize the mTORC1/2 chaperone, TTT-RUVBL1/2 complex, as inactivation of ATP-sensitive TTT-RUVBL1/2 complex causes instability of both mTORC1 and mTORC2 ([@BIO038257C48]). Our work in WI38 normal human embryonic fibroblasts, however, shows that AOA exposure caused mTORC1 inactivation and mTORC2 activation within 24 h ([Figs 1](#BIO038257F1){ref-type="fig"}B,C and [2](#BIO038257F2){ref-type="fig"}B) when intracellular ATP levels and the ADP/ATP ratio were not affected ([Fig. 1](#BIO038257F1){ref-type="fig"}D), suggesting that the AOA effect on the activity of mTORC1/2 and cell growth is most likely not mediated by ATP-dependent stabilization of mTORC1/2 or ATP depletion. Furthermore, we observed that AOA exposure induces the opposite effect on mTORC1 (inactivation) and mTORC2 (activation) in normal human embryonic fibroblast WI38 cells ([Figs 1](#BIO038257F1){ref-type="fig"}B,C and [2](#BIO038257F2){ref-type="fig"}B). This may likely be due to the negative feedback regulatory loop of mTORC1 towards to mTORC2 ([@BIO038257C43]; [@BIO038257C57]; [@BIO038257C69]).

On the other hand, although glutamine may serve as carbon and nitrogen sources in proliferating cells, our current results ([Figs 1](#BIO038257F1){ref-type="fig"}A and [2](#BIO038257F2){ref-type="fig"}A) suggest that the carbon backbone of glutamine is indispensable for G~1~ progression in normal cells. Consistent with our observations, recent studies have reported that glutaminase-1, which catalyzes the first step of glutaminolysis, is required for proliferating cells to progress through the restriction point of the G~1~ phase by maintaining a high abundance of TCA intermediates ([@BIO038257C22]), and that metabolic pathways influence cell cycle progression ([@BIO038257C2]; [@BIO038257C21]). Interestingly, growing evidence indicates there is a metabolic checkpoint in controlling cell cycle progression from G~1~ to the S phase to ensure adequate metabolic activity and sufficient building blocks before committing to duplicate the genome ([@BIO038257C45]; [@BIO038257C60]). Therefore, these observations implicate that sustained glutamine-dependent anaplerosis activity is essential for proper activity of mTORC1/2, and is linked to cell cycle progression to make sure there is sufficient availability of glutamine for cell growth.

What is the critical factor that means restraint of glutamine-dependent anaplerosis initiates senescence-like response in proliferating cells? {#s3b}
----------------------------------------------------------------------------------------------------------------------------------------------

We showed, in WI38 normal human embryonic fibroblasts, that prolonged AOA treatment triggers a senescence-like response (within day 4 to 6) as indicated by increased percentages of SA-β-gal-positive, SAHF-positive and H3K9Me3-positive cells, as well as elevated protein levels of p53, p21^CIP1^ and p16^INK4A^ and decreased protein levels of Rb and P-Rb-S507/811; while supplementation with anaplerotic factor (αKG, pyruvate or oxaloacetate) prevented AOA-induced senescence ([Fig. 3](#BIO038257F3){ref-type="fig"}; [Fig. S3](Fig. S3)). This implicates that prolonged constraint of anaplerotic supply of carbon backbone ultimately triggers a cellular senescence-like response.

Glutamine-dependent anaplerosis is essential for the maintenance of mitochondrial functions ([@BIO038257C17]; [@BIO038257C23]; [@BIO038257C83]). Since mitochondrial dysfunction may generate ROS, which can cause a deleterious effect to cell proliferation, it is proposed that excessive mitochondrial ROS plays a critical role to trigger cellular senescence ([@BIO038257C41]; [@BIO038257C61]; [@BIO038257C89]). However, our results show that AOA did alter cellular ROS levels, and that AOA-induced senescence and proliferation were not affected by the ROS scavenger NAC ([Fig. 6](#BIO038257F6){ref-type="fig"}). These observations suggest that ROS signal is not critically involved in sustained inhibition of glutamine-dependent anaplerosis-induced senescence in WI38 human embryonic fibroblasts. Many other studies have also shown that mitochondria-derived ROS may not necessarily be the primary cause of senescence and aging. For example, in human fibroblasts, sustained pharmacological inhibition of OXPHOS with antimycin A or oligomycin induces cellular senescence, but this is not due to increased ROS levels ([@BIO038257C81]). In the mouse model, mitochondrial dysfunction-induced ageing was not associated with increased oxidative stress ([@BIO038257C49]; [@BIO038257C87]). Moreover, an empirical mathematical model study has shown that increased mitochondrial ROS in replicative senescent cells is a consequence of the senescence phenotype rather than the cause ([@BIO038257C53]). These observations implicate that in addition to mitochondrion-derived ROS, there are other factors involved in triggering mitochondrial dysfunction-induced senescence.

On the other hand, the induction of cellular senescence has been demonstrated to rely on the activation of p53-p21^CIP1^ and/or p16^INK4A^ pathways in normal human cells ([@BIO038257C5]; [@BIO038257C68]). We found that sustained inhibition of glutamine-dependent anaplerosis with AOA resulted in increased protein levels of p53-p21^CIP1^ (day 3 to 6) and p16^INK4A^ (day 6) in WI38 human embryonic fibroblasts; importantly, supplement with αKG prevented AOA-induced changes of these three proteins ([Fig. 3](#BIO038257F3){ref-type="fig"}B; [Fig. S4](Fig. S4)). Similar to replicative senescence of diploid human fibroblasts ([@BIO038257C1]; [@BIO038257C80]), AOA-induced senescence of WI38 cells also caused sequential increases of these proteins with p53-p21^CIP1^-mediated cell cycle arrest as the early reversible event of senescence response, and p16^INK4A^-mediated the late irreversible event of senescent arrest. Moreover, Rb protein has also been reported to gradually decline in replicative senescent fibroblasts ([@BIO038257C34]), while the role of Rb in senescence needs further investigation. In addition, it has been shown that senescent human fibroblasts display decreased ATP level, and increased AMP/ATP ratio and AMPK activity; furthermore, induction of AMPK activity can cause cellular senescence ([@BIO038257C92]). AMPK is considered a central regulator during cell response to energy stress ([@BIO038257C10]; [@BIO038257C42]; [@BIO038257C93]). The current study found that prolonged AOA exposure (day 4 to 6) led to reduced ATP level and increased ADP/ATP ratio, and cellular senescence-like response in WI-38 cells ([Figs 1](#BIO038257F1){ref-type="fig"}D and [3](#BIO038257F3){ref-type="fig"}A; [Fig. S3](Fig. S3)); whether AMPK activity is involved in this process requires further investigation. These observations implicate that senescence response induced by prolonged restraint of glutamine-dependent anaplerosis resembles replicative senescence response. In addition, supplementation with αKG at day 0 to 3 after AOA exposure almost completely repressed the AOA-induced SA-β-gal activity, while αKG supplemented at day 4 to 5 only partially attenuated the AOA effect ([Fig. S5](Fig. S5)). Our current findings support that AOA-induced senescence in WI38 human embryonic fibroblasts may contain two phases, a reversible cell cycle arrest and ultimately an irreversible senescent arrest.

In p16^INK4A^-deficient U2OS cells, we found that inhibition of glutamine-dependent anaplerosis with AOA also caused mTORC1 inactivation, mTORC2 activation, increased protein levels of p53 and p21^CIP1^, and inhibited cell proliferation that could be resumed after removal of AOA ([Fig. 4](#BIO038257F4){ref-type="fig"}A--D), but failed to induce senescence-associated SA-β-gal activity (data not shown). While in p16^INK4A^-knockdown WI38 cells, AOA exposure also similarly inhibited cell proliferation ([Fig. 5](#BIO038257F5){ref-type="fig"}A). In contrast to p16-deficient U2OS cells, sustained AOA treatment still induced senescence-associated SA-β-gal activity like that in control WI38 cells ([Fig. 5](#BIO038257F5){ref-type="fig"}B), and this was accompanied by the induction of p16^INK4A^ antibody-reactive p12 ([Fig. 5](#BIO038257F5){ref-type="fig"}C). It is speculated that knockdown of p16^INK4A^ in WI38 cells may be compensated by an increase of the alternative spliced variant form of p16^INK4A^ protein (p12) under AOA disruption of metabolic regulation, and thus still induced senescence process. Together, these observations implicate that p16^INK4A^ is crucial to establish AOA-induced irreversible senescent arrest. Of note, we observed that AOA-induced mTORC2 activation as indicated by elevated phosphorylation of AKT at Ser473, compared with untreated control ([Figs 1](#BIO038257F1){ref-type="fig"}B and [2](#BIO038257F2){ref-type="fig"}B). It has been reported that AKT plays a role in induction of senescence-like response ([@BIO038257C59]; [@BIO038257C63]; [@BIO038257C85]), indicating that AOA-induced activation of mTORC2 may contribute to the cell fate determination of WI38 cells to senescence-like response. Moreover, since mTORC2 has been reported to control actin polymerization ([@BIO038257C39]; [@BIO038257C70]), AOA-induced elongated and non-spreading morphology of WI38 cells may be due to the aberrant mTORC2 activity.

Our current study suggests that the status of glutamine-dependent anaplerosis plays a critical role in growing cells to coordinate the glutamine metabolism and mTORC1/2 activity, and is linked to the cell-cycle checkpoint to make sure intracellular sufficiency of metabolites for cell growth. Moreover, increasing evidence implicates that cellular metabolism correlated with the balance of mitochondrial metabolites plays a role in cellular senescence ([@BIO038257C8]; [@BIO038257C30]; [@BIO038257C36]; [@BIO038257C41]; [@BIO038257C46]; [@BIO038257C54]; [@BIO038257C88]). We also provide evidence that persistent restraint of glutamine-dependent anaplerosis is a critical factor to contribute to cellular senescence and in a ROS-independent manner. Together, the present study provides a mechanism by which proliferating cells coordinate the intracellular nutrient sufficiency and mTOR signaling, and links to senescence-like response as a fail-safe mechanism to limit deleterious effect for organismal homeostasis.

MATERIALS AND METHODS {#s4}
=====================

Materials {#s4a}
---------

AOA, H~2~O~2~, NAC, αKG, dimethylα-ketoglutarate (dmαKG), sodium pyruvate, oxaloacetate and 2′,7′-dichlorodihydrofluorescein diacetate (DCFDA) were purchased from Sigma-Aldrich. Rapamycin and Torin1 were purchased from Tocris Bioscience (Minneapolis, USA). Stock solutions of AOA (0.5 M), αKG (0.5 M), pyruvate (0.5 M), oxaloacetate (0.5 M) and NAC (0.5 M) were prepared in ddH~2~O, sterilized by filtration and then stored as aliquots at −20°C. Rapamycin and Torin1 were dissolved initially in DMSO to 1 mM and 750 µM stock solutions, respectively. DCFDA was freshly prepared in DMSO at 5 mM. The antibodies against S6K1 (\#9202), P-S6K-T389 (\#9205), 4E-BP1 (\#9452), P-4E-BP1-S65 (\#9451), AKT (\#9272) and P-AKT-S473 (\#9271) were purchased from Cell Signaling Technology; the antibodies against pRb (\#IF8), p53 (\#DO1), p21^CIP1^ (\#F5) and p16^INK4A^ (\#H156) were from Santa Cruz Biotechnology; another anti-p16 (ab81278) and anti-H3K9Me3 (ab8898) antibodies were from Abcam (Cambridge, UK); anti-β-actin was from Sigma-Aldrich; and all HRP-conjugated secondary antibodies were from Pierce Thermo Fisher Scientific.

Cell culture and treatments {#s4b}
---------------------------

The WI38 normal human embryonic lung fibroblast cell line and the U2OS human osteosarcoma cell line (ATCC, Manassas, USA) were grown in minimum essential medium (MEM; Sigma-Aldrich) supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco Life Technologies), 2 mM L-glutamine, 1 mM sodium pyruvate and antibiotic (100 U ml^−1^ penicillin and 100 μg ml^−1^ streptomycin) at 37°C in 5% CO~2~. For the AOA treatments, the cells were chronically exposed to vehicle or 3 mM AOA, and the medium containing without or with AOA was refreshed every 2 days. For the combination treatments with anaplerotic factors (αKG, pyruvate or oxaloacetate) and AOA, the cells were chronically exposed to 3 mM AOA in the absence or presence of 5 mM αKG, 3 mM pyruvate or 3 mM oxaloacetate for various time-periods. The cellular anaplerotic factors αKG, oxaloacetate and pyruvate could enter cells respectively through secondary active transporters SLC13 family NaDCs and MCTs ([@BIO038257C47]; [@BIO038257C56]; [@BIO038257C66]). In addition, we compared the effectiveness of αKG and a cell permeable analog dmαKG in alleviating AOA-induced growth arrest. Results are shown in [Fig. S1](Fig. S1). Both αKG and dmαKG dose-dependently (0.2 to 5 mM) blocked AOA-induced growth arrest in WI38 cells during the 6-day culture period (effectiveness: αKG\>dmαKG), while they alone had no influence on cell growth. We also observed that WI38 cells treated with high-dose (25 mM) αKG alone had reduced growth rate, yet it still could block AOA effect though less effectively than that of 5 mM αKG. On the other hand, WI38 cells given a high dose (25 mM) of dmαKG alone or together with AOA, which caused mild cell loss during the 6-day culture period. Whether this was in part due to the documented pseudohypoxia effect of dmαKG through stabilization of HIF-1α ([@BIO038257C37]) awaits further investigation. For the H~2~O~2~ treatment, cells were treated with 400 μM H~2~O~2~ for 2 h only on day 0 and day 1, and then cells were incubated in growth medium without H~2~O~2~ for an additional time-period as indicated. For co-treatment with H~2~O~2~ and NAC, after a 15-min pre-treatment with vehicle or 500 μM NAC, the cells were exposed to 400 μM H~2~O~2~ as described above in the absence or continued presence of 500 μM NAC; after 2-h H~2~O~2~ exposure the medium was replaced with growth medium containing NAC.

Knockdown of p16^INK4A^ in WI38 cells {#s4c}
-------------------------------------

WI38 cells were transfected with p16^INK4A^ siRNA (\#6598) or non-targeting siRNA (control siRNA; \#6568) (both Cell Signaling Technology) by the RNAiMAX reagent (Life Technologies) according to the manufacturer\'s instructions. Briefly, 3.6×10^4^ cells per well or 1.8×10^5^ cells per dish were seeded in antibiotic-free growth medium a day before transfection. The siRNA and lipofectamine RNAiMAX were diluted separately with MEM for 5 min and then mixed together at room temperature for 20 min. Then, the siRNA-liposome complex was added into wells with a final concentration of 50 nM siRNA. The cells were then subjected to treatment for 3 to 6 days after transfection and cell lysates were prepared for immunoblotting analysis.

Cell extraction and western blotting {#s4d}
------------------------------------

Total cell extracts were prepared with RIPA lysis buffer: 50 mM Tris-HCl (pH 7.4), 2 mM EDTA, 150 mM NaCl, 1% NP-40, 0.5% sodium-deoxycholate, 0.1% SDS, 50 mM NaF, 1 mM Na~3~VO~4~, and a protease inhibitor cocktail (Roche Molecular Biochemicals). The soluble fractions of the cell lysates were isolated by centrifugation at 14,000×**g** for 15 min at 4°C. The protein concentration in the resulting supernatant was determined using the Bradford assay (Bio-Rad). For the western blotting, protein samples (20 μg) were boiled in SDS sample buffer, resolved using SDS-PAGE, and transferred to PVDF membranes. The membrane was blocked with 5% non-fat milk, and then sequentially incubated with the primary antibody and HRP-conjugated secondary antibody. The specific protein signals were visualized using enhanced chemiluminescence substrate (Perkin Elmer, Massachusetts, USA) followed by detection using X-ray films or the FluorChem M system (ProteinSimple, San Jose, USA). The density of each detected protein band was quantified using ImageJ software (version 1.49b, National Institutes of Health) and normalized to that of β-actin.

Cell number assessment {#s4e}
----------------------

For cell growth experiments, approximately 1.5×10^4^ cells per well were plated in 24-well culture plates, and given various treatments for the indicated time-periods. At the end of culture, cell numbers were assessed using a Crystal Violet assay as previously described ([@BIO038257C25]) with slight modifications. In brief, the cells were rinsed with PBS, fixed in 4% paraformaldehyde for 10 min, and stained with 0.1% Crystal Violet for 30 min at room temperature. The plates were then washed with ddH~2~O, washed out until colorless and air-dried overnight. The Crystal Violet stain was solubilized in 10% acetic acid, and the optical absorbance was measured at 590 nm. Each individual experiment was repeated at least three times.

Cell cycle analysis {#s4f}
-------------------

The cells were treated with 3 mM AOA for 48 h, trypsinized and fixed in 70% (v/v) ice-cold ethanol at 20°C overnight. The cells were washed twice with PBS and resuspended in a Propidium Iodide staining solution (25 µg ml^−1^ PI and 50 μg ml^−1^ DNase-free RNase) at 37°C for 30 min in the dark. The stained cells were then analyzed using a flow cytometer (BD FACSAria III, San Jose, USA). At least 10,000 events were recorded per sample. The cell cycle distributions were analyzed using ModFit LT software (Verity Software House, Topsham, USA).

SA-β-gal staining and SAHF formation assay {#s4g}
------------------------------------------

SA-β-gal activity was detected as previously described ([@BIO038257C20]) with slight modifications. After treatment, the cells were washed once with PBS, and then fixed (2% formaldehyde/0.2% glutaraldehyde in PBS) for 10 min at room temperature. Then, the cells were stained in freshly prepared SA-β-Gal staining solution \[1 mg ml^−1^ X-gal, 40 mM citric acid/sodium phosphate (pH 6.0), 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl, 2 mM MgCl~2~\] for 16 h at 37°C. The plates were then washed twice with PBS and stored in PBS. Before microscopic examination of SA-β-Gal activity, nuclei were stained with DAPI (10 µl ml^−1^) for 10 min. Ten fields of each sample well were photographed using a Zeiss Axiovert100 microscope. The percentages of cells positive for β-gal activity (blue staining) were determined, and calculated as the ratio of SA β-gal-positive cells to the total number of DAPI-stained cell nuclei. Each experiment was performed in triplicate per treatment group, and repeated independently at least three times. For the SAHF assay, the cells were stained with DAPI to visualize the nuclei, and the percentages of SAHF-positive cells with condensed DAPI-stained foci were determined by scoring 200 individual cells for each sample. Three independent experiments were performed.

Immunofluorescent staining of H3K9Me3 {#s4h}
-------------------------------------

Cells were seeded on gelatin-coated coverslips at least 24 h prior to treatment. After rinse with PBS, cells were fixed in freshly prepared 4% paraformaldehyde for 10 min at 37°C, then washed three times with PBS. Cells were permeabilized with 0.2% Triton X-100 in PBS for 10 min at room temperature, and washed twice in PBS. Then, cells were blocked for 1 h with 3% (w/v) BSA in PBS, and incubated with rabbit anti-H3K9Me3 antibody (1:1000; ab8898, Abcam) or goat IgG at 4°C overnight. Cells then were washed three times with PBS, and incubated with secondary antibody, goat anti-rabbit IgG conjugated with AlexaFluor 488 (1:1000, Molecular Probes-Invitrogen) for 1 h at room temperature. Photographs were taken using a fluorescent microscope (OLYMPUS, BX50).

Measurement of ATP and ADP {#s4i}
--------------------------

The determination of ATP and ADP was conducted as previously described ([@BIO038257C26]) using ApoGlow Assay Kit (Adenylate Nucleotide Ratio Assay; Cambrex, Rockland, USA) according to the manufacturer\'s instructions. Briefly, the cells were plated in a 24-well plate, and treated as indicated above. At the end of culture, the cells were lysed for 5 min, the lysates were transferred into opaque white 96-well plates and the luminescence intensity was detected using the Molecular Devices F3 microplate reader. Three independent experiments were performed.

Measurement of ROS {#s4j}
------------------

ROS production was measured using the fluorescent probe 2′,7′-dichlorofluorescin diacetate (DCFDA) as previously described ([@BIO038257C96]) and according to the manufacturer\'s instruction (D6883, Sigma-Aldrich). Briefly, the cells were plated in a 24-well plate, and treated as indicated above. At the end of culture, the conditioned media were removed, and the cells were loaded with 5 µM DCFDA for 30 min at 37°C. The cells were then washed three times in phenol red-free MEM, and then the fluorescence intensity was determined using a Molecular Devices F3 microplate reader with the excitation set at 490 nm and the emission detected at 520 nm.

Statistics {#s4k}
----------

The quantitative data are expressed as the mean±s.e.m. of at least three independent experiments. All statistical analyses were performed using IBM SPSS statistics software (version 25, Chicago, USA) and GraphPad Prism (version 7.0, La Jolla, USA). Statistical analysis was performed using one-way ANOVA and post-hoc Tukey\'s test for multiple group comparison, or paired Student\'s *t-*test for two-group comparison. *P*\<0.05 was considered statistically significant in all experiments.
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